A Criterion for the Mode of Ablation of Stone Meteors
By Allan F. Cook 1 We shall present evidence that Meteor 19816 of the program of the Harvard Meteor Expedition (Cook, Jacchia, and McCrosky, 1963) passed from ablation by melting and spraying to ablation by vaporization, and back to ablation by melting during its luminous flight through the atmosphere. We shall then propose a criterion for the mode of ablation which, in the case of ablation by vaporization, becomes the ratios of the heat transports parallel to and normal to the surface of the liquid layer just beneath that surface. A critical value of this criterion will then be established from this meteor.
Drag coefficient
We shall assume that an oblate spheroid with minor axis oriented in the direction of flight of the meteor adequately represents its shape. From the shape factor found by Cook et al. (1963) in their equation (93), we have for the ratio of the minor axis to the major axis the value 0.812 (only the first figure has any significance) .
Let 0 denote the azimuthal angle about the minor axis, and 0 the polar angle from that axis. Let 0' denote the polar angle of the normal to the surface. Then we have for the drag on the Newtonian approximation: where the second relation of equation (1) In our case, r=0.568. In free molecular flow, r= 1. In terms of the shear-transfer coefficient A' we have, instead of equation (60) (Cook et al.) , the relation Tc*0.568+0.432A'.
The shear-transfer coefficient We replace equation (35) 
where a is the semi-axis major of the ellipsoid, and I is a mean free path in air. In terms of the presentation area s/ we have
The heat-transfer coefficient We replace equation (2) Since we are now faced with ablation by vaporization, we must consider the effects of the departing meteoric vapors on A 7 , r, and A.
Shielding by own vapors
We shall make the approximate assumption that the shielding effects of the departing vapors can be estimated by increasing the air density in the ratio
where dm/dt is the rate of change of mass of the meteoroid and s/p a V is the rate of interception of air mass by the cross section of the meteoroid. We have the ablation equation
From equation (9) (Opik, 1958) , yields A/A a . We assume that the same conversion factor applies to the shear-transfer coefficient A', whence (11) Finally, we must remember that vaporization will take place at the side of the meteoroid, not in front (Cook et al., eq. 58 ), if we are only slightly beyond the regime of ablation by melting and spraying. In particular, for a spherical meteoroid melt is neither accumulating nor being removed by the flow field near 0=55°, but near 0=0° it is being very efficiently removed by the flow field. We estimate that the heat and shear-transfer coefficients take their unshielded values, A a , A' a , over half the presentation area s/, and their shielded values over the other half. The deduced values of f for Meteor 19816, together with the shielded and adopted values of the coefficients, are given in table 2. The first and last values indicate a mixed mode of ablation. The mean of the other five is 8.7 XlO 10 ergs gm" 1 , which is in satisfactory agreement with Opik's estimate.
Theory of ablation of meteoric stone We shall apply the theory of ablation of glassy materials developed by Bethe and Adams (1959) . It can be fitted into the structure of the theory of the ablation of iron given by Cook et al. The first change is that the law for the dynamic viscosity given by their equation (21) is replaced by /x=6X10-*X10 8680/r .
The exponential form is that introduced by Bethe and Adams, while the constants have been determined from the values of p quoted by Opik (1958) 
Here Tis the temperature, y is measured normal to the surface (positive outward), k is the thermometric conductivity, v is the y-component of the velocity, and the surface lies at y=0. We assume that the interior temperature of the meteoroid is negligible. Following Bethe and Adams, we assume that the molten layer is so thin that we can use v^v W) the limit on v as y-> -•«, in equation (13). Then we have the temperature distribution
Sr^k/vu,, T(y) = T o exp(y/8 T ).
We next introduce an approximate form for the dynamic viscosity /*, suggested by Bethe and Adams (1959):
where T o is the surface temperature, MO the surface viscosity, and n is determined by taking the indicated limit of equation (12). The distribution of viscosity is then found by substitution of equation (14) to be
8=8 T /n, n(y)= l i o exp(-y/S).
(16)
We substitute this distribution into equation (23) (17) where the boundary condition iim u=0 has been imposed. Here T 0 is the shearing stress upon the surface, and bpjbx is the pressure gradient parallel to the surface. We next 
Here r 2 is the radius of curvature in the plane containing the normal to the surface, and perpendicular to the plane containing the axis of symmetry of the meteoroid and the normal to the surface, the axis of symmetry being taken along the direction of flight.
Comparison with equation (33) Here r is the frontal radius, and v 0 is the velocity of passage of stone from the liquid to the vaporized state across the surface. We again make the assumption that v o =0 and use (21) The procedure is the same as for iron, and yields the result that near 0=0 the material flows away as melt and does not vaporize.
We now assume for mathematical convenience that our meteoroid is spherical, and consider the state of affairs near 0=54?7. We recall that equation (13) is integrated from equation (24) where the right-hand side of equation (24) is derived from the vaporization law given by Opik (1958) . Here c P is the specific heat, and f t the heat of vaporization.
Criterion for mode of ablation
If ablation is to occur by melting and spraying, the surface near 0=54?7 must be cooled by advection of cooler melt from smaller x, i.e., the assumption in equation (22) If the criterion is very small, ablation is certainly by vaporization. If it is very large, it is certainly caused by melting. We desire the critical value near which transition between the two modes of ablation occurs. We also adopt the unshielded values of A and A' in making the computation. We have from equation (17), at y=0,
Substitution of equations (34) and (44) (28)
Equation (23) gives v 0 , and equation (24) can be solved for T o . Finally, equation (14) yields
where v u is given by equation (21).
Combination of all the above results yields 
The final term within the brackets is negligible, whence we have X;
-4.605#«7
•E-8680 X10 tan 2 0.
The results are given in table 3. The relative run of the temperature is, of course, much more accurate than the absolute value. It is evident that transition between melting and vaporization occurs near ^=1.2. If we had used the shielded values of A' and A, we would have found a somewhat larger value of *&; it would also entail extra work in some applications. The unshielded forms were therefore preferred. It is also interesting that ^=0.8 already implies vaporization alone. The upper limit on the transition zone must remain more vague for the present.
